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This subsystem description handbook defines the high pressure auxiliary 

propulsion subsystems for the space shuttle, selected as the result of the high 

pressure auxiliary propulsion subsystem definition study. This effort was 

performed for the National Aeronautics and Space Administration, Marshall Space 
Flight Center, Huntsville, Alabama, under contract NAS 8-26248.  

This handbook provides subsystem design and operational description, along 

with a guide for subsystem design reflecting requirements other than those 
specifically investigated during the study. This handbook includes schematics 

and physical descriptions; pressures, temperatures and flow balances; estimated 

weights; and transient and steady state operating characteristics. 
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1 INTRODUCTION 
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The NASA space s h u t t l e  v e h i c l e  system f o r  f u t u r e  manned space o p e r a t i o n s  

r equ i r ed  developing a number of subsystems which were e i t h e r  new o r  s i g n i f i c a n t  

ex tens ions  of c u r r e n t  technology. Among such subsystems was t h e  a u x i l i a r y  

p ropu l s ion  subsystem ( A P S )  used f o r  s h u t t l e  v e h i c l e  c o n t r o l  and maneuvering a f t e r  

main engine c u t o f f .  The magnitude of t h e  A P S  c o n t r o l  requirements was f a r  i n  

excess of t h a t  f o r  previous space v e h i c l e s .  To provide a h igh  performance A P S  

and, i n  a d d i t i o n ,  t o  t a k e  advantage of b e n e f i t s  which can be de r ived  i n  t h e  

areas of p r o p e l l a n t  l o g i s t i c s ,  s a f e t y ,  r e u s e  and performance, a gaseous hydrogen/ 

oxygen a u x i l i a r y  p ropu l s ion  subsystem w a s  i d e n t i f i e d  as t h e  most d e s i r a b l e  type  

of subsystem. 

There were two b a s i c  means of implementing an A P S  of t h i s  type: 

1. A h igh  p r e s s u r e  A P S ,  i n  which p r o p e l l a n t s  are s t o r e d  a t ,  o r  condi t ioned 

t o ,  t h e  most d e s i r a b l e  t h r u s t e r  o p e r a t i n g  p r e s s u r e s .  

2. A low p r e s s u r e  A P S ,  i n  which p r o p e l l a n t s  are supp l i ed  t o  c o n t r o l  

t h r u s t e r s  from t h e  main a scen t  p r o p e l l a n t  tanks a t  normal u l l a g e  pres-  

s u r e s .  

Within t h e s e  broad c a t e g o r i e s  there were many A P S  op t ions  a v a i l a b l e .  Typ ica l ly ,  

s t o r a g e  of p r o p e l l a n t s ,  cond i t ion ing  assembly design,  i n t e g r a t i o n  w i t h  o t h e r  

p ropu l s ion  subsystems, and t h e  exac t  mode of  A P S  mission usage could b e  imple- 

mented i n  a v a r i e t y  of ways. 

Each b a s i c  A P S  category and i t s  a l t e r n a t i v e  implementation schemes o f f e r e d  

d i f f e r e n t  advantages and disadvantages i n  terms of subsystem performance and 

r equ i r ed  technology developments. Thus, APS s e l e c t i o n  f o r  t h e  s h u t t l e ,  and 

d e f i n i t i o n  of t h e  advanced technology necessary f o r  A P S  development, r e q u i r e d  

in-depth s t u d i e s  t o  select  t h e  type of A P S  b e s t  s u i t e d  t o  s h u t t l e  requirements.  

Prel iminary s t u d i e s  a l s o  pe rmi t t ed  i d e n t i f i c a t i o n  of t h e  advanced technology 

e f f o r t  r e q u i r e d  f o r  A P S  development. 

To f u l f i l l  t h e s e  needs,  NASA c o n t r a c t e d  f o r  A P S  d e f i n i t i o n  s t u d i e s  of both 

high and low p r e s s u r e  A P S .  These s t u d i e s  were d iv ided  i n t o  two phases .  The 

f i r s t ,  Subtask A was a conceptual subsystem d e f i n i t i o n  designed t o  p rov ide  NASA 

wi th  s u f f i c i e n t  d a t a  f o r  s e l e c t i o n  of t h e  b e s t  means of B P S  implementation i n  

bo th  high and low p r e s s u r e  c a t e g o r i e s .  The second phase,  Subtask B, involved 

p re l imina ry  des ign  o f  t h e  p a r t i c u l a r  conceptcs) s e l e c t e d  i n  each b a s i c  A P S  

1-1 
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category. 

Company-East (MDAC-EAST) under Contract No. NAS 8-26248, and is summarized in 
Reference (a). 

National Aeronautics & Space Administration, Marshall Space Flight Center (MSFC) at 

A high pressure A P S  study was conducted by McDonnell Douglas Astronautics 

NASA technical direction for this effort was provided by the 

’ Huntsville, Alabama, through the office of Mr. John McCarty, Deputy Chief, 

Propulsion and Power Branch, Astronautics Laboratory. The Aerojet Liquid Rocket 
Company, under subcontract to MDAC-East provided the analysis and design support 

necessary to define the active components for APS evaluation. 

The problem addressed in Subtask A of the high pressure APS study was to 

provide sufficient comparative data on various APS concepts to allow selection of 
the best high pressure approach for Subtask B preliminary design. 

consideration of a large number of high pressure A P S  concepts. Here, the predom- 
inate concern was the relative merit of the various A P S  concepts, rather than their 

absolute performance levels. 
subsystem concept, were limited to those areas which could potentially impact 

subsystem selection. Thus, the final data resulting from this phase of study could 
not be considered as representative of a refined absolute performance level for any 

particular subsystem. This aspect of design was properly the result of the second 
phase of study, which provided component optimizations for the selected A P S  concept. 

Vehicles considered in Subtask A were the two orbiters and boosters defined in 
Reference (b). Mission and control requirements for the vehicles were also defined 
in Reference (b). The results of the first phase (conceptual subsystem definition) 

of the high pressure A P S  study are summarized in Reference (c). An interim subsys- 
tem description handbook, Reference (d), was prepared to define the APS configura- 

tions resulting from the Subtask A effort. 

This required 

Component and assembly optimizations, within a given 

Subtask B was initiated using configuration concepts defined during Subtask A, 

Vehicles and requirements were redefined by NASA prior to Subtask B, Reference (e). 
Shuttle vehicles considered for the Subtask B A P S  installation were orbiter B ,  

orbiter C, and the booster. Trade-off studies were then performed to determine 

thruster arrangement and thrust level which would best meet maneuvering require- 

ments and still provide minimum weight Configuration, 

sidered, such as no heat shield penetration during reentry, and a common thruster 

for orbiters and booster 
analyses, were performed in parallel with supporting subsystem design and operating 

analyses in order to define the recommended baseline A P S .  

installation and preliminary design, including component definition, was then 

Other criteria were con- 

In-depth component and assembly trade studies and design 

The final baseline A P S  

9 -2 
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accomplished. Results of the second phase (preliminary APS design) of the high 

pressure APS study are summarized in Reference (f). 
This handbook defines preliminary AF'S designs, operating performance, and 

weight sensitivities resulting from Subtask B for high and low cross range orbiters, 
and for the booster. 
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A P S  requirements  were e s t a b l i s h e d  t o  s a t i s f y  Reference (e )  c o n t r o l  r e q u i r e -  

ments. F igu re  2-1 summarizes number of t h r u s t e r s ,  t h r u s t  level,  and t o t a l  impulse 

* 100 LB-SEC MINIMUM IMPULSE BIT 
17TH ORBIT RENDEZVOUS 

FIGURE 2-1 

requi red  f o r  each v e h i c l e .  Thrus t e r  l o c a t i o n s  are i l l u s t r a t e d  i n  F igu res  2-2, 

2-3 and 2-4. These l o c a t i o n s  were e s t a b l i s h e d  t o  s a t i s f y  t h e  c r i t e r i a  of minimum 

weight ,  avoidance of h e a t  s h i e l d  p e n e t r a t i o n  whenever p o s s i b l e ,  and use  of common 

t h r u s t  l e v e l s  between v e h i c l e s .  

were maintained c o n s i s t e n t  w i t h  t h e  l o c a t i o n s  shown i n  Reference (e) .  

Tankage l o c a t i o n s  w i t h i n  t h e  v e h i c l e s ,  F igu re  2-5, 

2 . 1  Subsystem Design - I n  t h e  h igh  p res su re  A P S  des ign ,  p r o p e l l a n t  is s t o r e d  

as  a l i q u i d  i n  low p r e s s u r e  tankage. 

pellan’., p r e s s u r e  t o  t h a t  r equ i r ed  f o r  o p e r a t i o n ,  wh i l e  gas  gene ra to r  powers t h e  

turbopump and h e a t s  t h e  l i q u i d  p r o p e l l a n t s  ( i n  a h e a t  exchanger downstream of 

che pump) t o  temperatures  r equ i r ed  f o r  o p e r a t i o n  of t h e  gaseous b i p r o p e l l a n t  

t h r u s t e r  assemblies .  

A turbopump a t  t h e  tank o u t l e t  raises pro- 

Af t e r  thermal cond i t ion ing  i n  t h e  h e a t  exchanger, h igh  p r e s s u r e  gaseous pro- 

p e l l a n t s  are scored rhn accumulators u n t i l  r e q u i r e d  by t h e  t h r u s t e r s .  Thus, t h e  

o p e r a t i n g  mode of t h e  accumulators and t h r u s t e r s  i s  t h a t  of a s t o r e d  g a s ,  b ip rope l -  

l an t  p ropu l s ion  subsystem. Turbopumps, h e a t  exchangers,  and gas  g e n e r a t o r s  combine 

t o  make up a cond i t ion ing  assembly t o  change t h e  p r o p e l l a n t  s ta te  from t h a t  of a 

low p r e s s u r e  l i q u i d  t o  a h igh  p r e s s u r e  g a s ,  

demand t o  ma in ta in  a cont inuous gas  supply f o r  t h r u s t e r  o p e r a t i o n .  A simple 

schematic of t h i s  arrangement i s  shown i n  F igu re  2-6, 

The c o n d i t i o n e r  assembly o p e r a t e s  on 

Only the hydrogen propel- 
2- 1 
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FIGURE 2-3 
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lant side is shown, however the schematic is also representative of the oxygen 

configuration. The schematic symbols are defined in Figure 2-7, 

The turbopump APS defined for orbiter B, orbiter C and the booster are 
basically similar, Conditioning assemblies are identical in configuration and 

I 

operation for the three vehicles. 

configuration, which dictate different tank size and locations, line and thruster 
locations, and vent arrangements. The following subsystem description will address 
orbiter B ,  but will note orbiter C and booster configurations wherever they are 
different e 

Differences are associated entirely with vehicle 

A P S  design characteristics are defined by subsystem schematics, i.e., 
installation drawings and subsystem weight breakdowns. 

divided into two parts: 

Subsystem schematics are 

(1) the basic subsystem, and 
(2) the line/thruster schematic. 

Subsystem schematics, including redundancy required to provide first-failure- 

operational, second-failure-fail-safe, reliability requirements are shown in 

Figures 2-8 and 2-9. These redundancy requirements were defined by failure mode 

effects analyses, documented in Reference (f). The gaseous propellant distribution 

schematics, along with the manifolds and manifold isolation valve definition, are 

shown in Figures 2-10, 2-11, and 2-12. Installation of the subsystems within the 
vehicles is shown in Figures 2-13, 2-14, and 2-15. Serviceability and maintain- 

ability were considered in locating subsystem components; wherever possible, 

components were located in proximity to the payload bay, since this location is 

accessible with the payload removed, Access to other components, such as 

thrusters and var-ves, is achieved by means of vehicle skin panel removal. 

Subsystem design point summaries and weights are shown in Figure 2-16, Com- 

ponent weight breakdowns for these design points, and significant APS volume 
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DES I GN VARIABLES 

THRUSTER MIXTURE RATIO 

EXPANSION RATIO 

CHAMBER PRESSURE (LBF. IN!) 

LINE PRESSURE DROP LBF/IM? 
PROPELLANT 
TEMPERATURE (OR) - H2 

02 
THRUSTER I ~ L E T M I ~ I M U ~ ~  PROPE 
LANT TEMPERATURE (OR) - H2 

02 
ACCUMULATOR PRESSURE 
RATIO - MAX/SWITCH - H2/O2 

SWITCH/MIN - H2/02 

PROPELLANT TANK PRESSURE 
LBF/IN.~A- w2 

02 
THRUSTER SPECIFIC 

IMPULSE - SEC 

SUBSYSTW SPECIFIC 

WEIGHT 

ORBITER B 

4 

6 0 A 2 F  

500 

40 

37 

162 

200 

350 

2 

1 S35A .13 

25 

30 

446.9/4552 

41 6.0/423.7* 

3 €37 

35,879 

ORBITER C 

4 

60/120* 

500 

40 

3 1  

162 

200 

350 

2 

1.13/1.125 

25 

30 

446.9/455.2* 

416.0/423.7' 

3.87 

37,070 

BOOSTER 

4 

40 
500 

40 

31 

162 

200 

350 

2 

1-24 

25 

35 

444.9 

4ioa 
3.81 

5,310 
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i t e m s ,  are shown i n  F igu res  2-17, 2-18, and 2-19. Design p o i n t s  shown are f o r  

weight-optimized subsystems. Subsystem p r e s s u r e  and temperature  balances f o r  o p t i -  

mized subsystems and flow rates f o r  t u r b i n e  power equal  105% power r e q u i r e d  a t  Pmin 

are de f ined  (along w i t h  turbopump component requirements)  i n  F igu res  2-20, 2-21, 

and 2-22. These d a t a  are presented i n  schematic form i n  F igu res  2-23 through 2-25. 

2.2 Weight S e n s i t i v i t i e s  - Turbopump A P S  were i n v e s t i g a t e d  t o  determine 

subsystem weight s e n s i t i v i t y  t o  changes i n  d e s i g n  v a r i a b l e s .  

w e r e  determined by holding a l l  bu t  one d e s i g n  parameter cons t an t  a t  t h e i r  des ign  

p o i n t s ,  and va ry ing  t h a t  one parameter over a l i m i t e d  range., These s e n s i t i v i t i e s  

do n o t ,  t h e r e f o r e ,  r e p r e s e n t  t h e  change i n  optimum subsystem weight corresponding 

t o  a v a r i a t i o n  i n  each parameter,  s i n c e  a change In  any one parameter g e n e r a l l y  

produces new optimum v a l u e s  f o r  t h e  o t h e r  des ign  v a r i a b l e s .  

s e n s i t i v i t i e s  are shown i n  F igu res  2-26 through 2-28 f o r  both o r b i t e r s  and t h e  

boos te r  a 

These s e n s i t i v i t i e s  

Resu l t ing  APS weight 

Also i n v e s t i g a t e d  i n  Subtask B w a s  subsystem weight s e n s i t i v i t y  t o  v a r i o u s  

des ign  requirements ,  i nc lud ing :  

(1) t h r u s t  level  p e r  t h r u s t e r  

(2) subsystem t o t a l  t h r u s t  

(3)  t o t a l  impulse 

( 4 )  number of t h r u s t e r s .  

Resu l t ing  v a r i a t i o n s  i n  subsystem weight are shown i n  F igu res  2-29 through 2-31 

and were ob ta ined ,  as above, by varying one parameter wh i l e  holding t h e  o t h e r s  

c o n s t a n t  a t  t h e i r  des ign  p o i n t s .  

shown i n  F igu res  2-32 through 2-66 f o r  o r b i t e r s  B and C and f o r  t h e  boos te r .  

t h e s e  f i g u r e s ,  component weight changes f o r  a l i m i t e d  range of des ign  v a r i a b l e s  and 

requirements are t abu la t ed .  F igu res  2-66a, 2-66b, and 2-66c p resen t  t h e  v a r i a t i o n s  

i n  design cond i t ions  f o r  t h e  weight s e n s i t i v i t i e s .  

A more d e t a i l e d  weight s e n s i t i v i t y  breakdown is  

I n  

2 . 3  Subsystem Operat ion - A P S  p r o p e l l a n t s  are s t o r e d  as l i q u i d s  a t  low pres-  

s u r e ,  then r a i s e d  t o  subsystem o p e r a t i n g  p r e s s u r e  by t u r b i n e  d r i v e n  pumps. 

exchangers,  using h o t  combustion gas ,  change t h e  l i q u i d  p r o p e l l a n t  t o  t h e  gaseous 

phase and a l s o  provide p r o p e l l a n t  superheat .  

b l y  cyc l ing ,  accumulators are provided t o  decouple t h r u s t e r s  from c o n d i t i o n e r s .  Con- 

d i t i o n e r  o p e r a t i o n  is  c o n t r o l l e d  by commanding p r o p e l l a n t  cond i t ion ing  assemblies  t o  

resupply accumulators when accumulator p r e s s u r e  drops below a switching p r e s s u r e  level. 

Assembly o p e r a t i o n  is  i l l u s t r a t e d  i n  F igu res  2-67 and 2-67ae Gas gene ra to r  valves 

and pump s u c t i o n  valves are commanded t o  open by accumulator p r e s s u r e  swi t ches ,  and 

Heat 

To avoid excess ive  cond i t ion ing  assem- 

2- 17 



TOTAL PROP ELL ANT 
PROPELLANT TANKAGE 
PRESSURANT AND TANKAG 
INSULATION 

CONDITIONING ASSEMBLY 
HEAT EXCHANGERS (3) 
TURBOPUMPS (3) 
GAS GENERATORS (3) 

EED ASSEMBLY 
ACCUMULATORS (1) 
LIMES 
REGULATORS (6) 
VALVES (THRUSTER ISOLATION (2) 

AND MANIFOLD) 
THRUSTER 08/61 * 

PROPULSIVE VENT AND LINES 

29 

332 

12 

TOTAL SUBSYSTEM I 35,879 I 1822 

TTITUDEflRAIUSLATI ON 
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PROPELLANT AND COMPONENTS 
TOTAL PROPEl LANT 

HEAT EXCHANGERS (3) 
TURBOPUMPS (3) 
GAS GENERATORS (3) 

LINES 

1485 335 

~ ~ ~ ~ 

* ATTITUDETTRANSLATIOM 
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iNSULATlON 

CONDITIONING ASSEMBLY 
HEAT EXCHANGERS (3) 
TURBOPUMPS (3) 
GAS GENERATORS (3) 

FEED ASSEMBLY 
ACCUMULATORS (1) 
LIMES 
REGULATORS (6) 
VALVES (THRUSTER ISOLATION 

AND MAMIFOLD 

VENT AND LINES 

469 1737 
225 138 + 
259 86 I *: 

37 

609 

TOTAL SUBSYSTE 5310 157 

FBGURE 2-19 
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HIGH PRESSURE APS 
DESIGN HANDBOOK 

REPORT MDC E0300 
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PROPELLANT AND COMPONENTS 
TOTAL PROPELLANT 
PROPELLANT TANKAGE 
PRESSURANT AND TANKAGE * 

INSULATION 

CONDITIONING ASSEMBLY 
HEAT EXCHANGERS 
TURBOPUMPS 
GAS GENERATOR 

FEED ASSEMBLY 
ACCUMULATORS 
LINES 
REGULATORS 
VALVES 

LINES 
VALVES 

THRUSTER ASSEMBLY 

TOTAL SUBSYSTE 

THRUSTER MIXTURE RATIO 

2 

0222 20462 
1426 387 
733 69 
267 48 

342 2 87 
173 112 

39 

1122 280 
177 1 43 
36 26 

140 83 

346 118 
92 44 

91 7 

38091 

4 

"2 02 

6334 23552 
1036 41 7 
450 79 
248 50 

255 297 
76 124 

37 

67 9 321 
146 192 
26 29 

105 90 

21 0 135 
65 49 

91 7 

35879 

6 

$960 26462 
884 445 
349 89 
240 52 

225 305 
49 136 

36 

524 360 
132 160 
22 31 
91 97 

1 62 152 
55 53 

91 7 

36986 

2-33 



DESIGN HANDBOOK 

REPORT MDC E0300 

PROPELLANT AND COMPONENTS 
TOTAL PROPELLANT 
PROPELLANT TANKAGE 
PRESSURANT AND TANKAGE 
I NSU LATl ON 

CONDITIONING ASSEMBLY 
HEAT EXCHANGEHS 
TURBOPUMPS 
GAS GENERATOR 

FEED ASSEMBLY 
ACCUMULATORS 
LINES 
REGULATORS 
VALVES 

VENT ASSEMBLY 
LINES 
VALVES 

THRUSTER ASSEMBLY 

TOTAL SUBSYSTEM 

~- 

ATTITUDE T~RUSTER EXPANSION RATIO 

40 

5341 23577 
1037 41 8 
450 79 
248 50 

257 298 
77 125 

37 

686 324 
147 153 
26 29 

106 91 

21 0 135 
65 49 

872 

35887 

60 

"2 

6334 23552 
1036 41 7 
450 79 
248 50 

255 2 97 
76 124 

37 

679 321 
146 152 
26 29 

105 90 

210 135 
65 49 

91 7 

35879 

80 

H2 02  

6331 23535 
1036 417 
450 79 
247 50 

254 2 96 
75 123 

37 

673 318 
146 152 
26 29 

105 90 

21 0 135 
65 49 

962 

35889 

ORBITER B 
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12 FEBRUARY 1971 

UBSYSTEM ELEMENTS \ 

PROPELLANT AND COMPONENTS 
TOTAL PROPELLANT 
PROPELLANTTANKAGE 
PRESSURANT AND TANKAGE 
INSULATION 

CONDITIONING ASSEMBLY 
HEAT EXCHANGERS 
TURBOPUMPS 
GAS GENERATOR 

FEED ASSEMBLY 
ACCUMULATORS 
LINES 
REGULATORS 
VALVES 

VA LV ES 

THRUSTER ASSEMBLY 

TRANSLATION THRUSTER EXPi 

60 

H2 02 

6434 23934 
1047 421 
457 80 
248 50 

255 297 
76 124 

31 

679 321 
146 152 
26 29 

105 90 

213 138 
66 49 

872 

36346 

1 2 0  

H2 O2 

6334 23552 
1036 41 7 
450 79 
248 50 

255 297 
76 124 

37 

679 321 
146 152 
26 29 

105 90 

210 135 
65 49 

91 7 

35879 

- 
SlON RATIO 

4 

H2 0 2  

ORBITER 5 
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VIGN VARIABLE 

PROPELLANT AND COMPONENTS 
TOTAL PROPELLANT 
PROPELLANT TANKAGE 
PRESSURANT AND TANKAGE - 
INSULATION 

CONDITIONING ASSEMBLY 
HEAT EXCHANGERS 
TURBOPUMPS 
GAS GEhERAfOR 

FEED ASSEMBLY 
ACCUMULATORS 

REGULATORS 
VALVES 

LINES 
VALVES 

BER PRESSURE (LBFIIN~A) 

300 

02 

5230 23755 
1025 41 9 
442 80 
247 50 

256 304 
39 96 

42 

61 9 321 
1 62 173 
33 37 

117 107 

199 141 
63 50 

1165 

36170 

500 

H2 02 

6334 23552 
1036 41 7 
450 79 
248 50 

255 297 
76 124 

37 

679 321 
146 152 
26 29 

105 90 

21 0 135 
65 49 

91 7 

35879 

7 00 

"2 02 

6460 23548 
1050 417 
459 79 
248 50 

256 296 
118 153 

37 

749 332 
137 139 
23 26 
99 80 

246 131 
73 47 

7 84 

36037 



HIGH PRESSURE 

PROPELLANT AND COMPONENTS 
TOTAL PROPELLANT 
PROPELLANT TANKAGE 
PRESSURANT AND TANKAGE . 
INSULATION 

CONDITIONING ASSEMBLY 
HEAT EXCHANGERS 
TURBOPUMPS 
GAS GENERATOR 

FEED ASSEWlBLY 
ACCUMULATORS 
LINES 
REGULATORS 
VALVES 

LINES 
VALVES 

THRUSTER ASSEMBLY 

REPORT MDC E0300 
72 FEBRUARY 1977 

HYDROGEN TANK PRESSURE (LBFAN~ A) 

20 - 
"2 02 

6337 23551 
1034 41 7 
213 79 
248 50 

255 297 
497 124 

37 

679 321 
146 152 
26 29 

1 05 90 

210 135 
65 49 

91 7 

36063 

25 

M2 02 

6334 23552 
1036 41 7 
450 79 
248 50 

255 297 
76 124 

37 

679 321 
146 152 
26 29 

1 05 90 

210 135 
65 49 

91 7 

35879 

30 

"2 0 2  

6333 23552 
1038 41 7 
687 79 
248 50 

255 297 
22 124 

37 

679 321 
146 152 
26 29 

105 90 

209 135 
65 49 

91 7 

36062 
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PRESSURANT AND TANKAGE 
INSULATION 

DlTlONlNG ASSEMBLY 
HEAT EXCHANGERS 
TURBO P UM PS 
GAS GENERATOR 

FEED ASSEMBLY 
CCUMULATORS 

LIMES 

VALVES 

V 

VALVES 

THRUSTER ASSEMBLY 

REPORT MDC E0300 

SUBSYSTEM THRUST (LBF) 

3700 

6334 23552 
1036 417 
450 79 
248 50 

190 251 
22 83 

34 

339 160 
114 118 
18 20 
126 120 

105 77 
40 30 

91 7 

34929 

7400 

H2 02 

6334 23552 
1036 417 
450 79 
248 50 

255 297 
76 124 

37 

679 321 
146 153 
26 29 
1 05 90 

21 0 135 
65 49 

91 7 

35879 

14800 

H2 02 

6334 23552 
1036 417 
450 79 
248 50 

387 344 
23 5 243 

42 

1357 641 
188 196 
40 44 
102 74 

41 9 270 
105 78 

91 7 

37847 

ORBITER B 
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T 

T AND COMPONENTS 
TOTAL PROPELLANT 
PROPELLANT TANKAGE 

AND TANKAGE 

CONDITIONING ASSEMBLY 
HEAT EXCHANGERS 
TURBOPUMPS 
GAS GENERATOR 

FEED ASSEMBLY 
ACCUMULATORS 
LINES 
REGULATORS 
VALVES 

VA LVES 

THRUSTER ASSEMBLY 

TOTAL IMPULSE (LB - SEC) 

12.0 x 106 
H2 02  
- 

6016 22329 
1002 405 
427 75 
245 49 

255 2 97 
76 124 

37 

679 321 
146 153 
26 29 

105 90 

210 135 
65 49 

91 7 

34262 

12.7 x lo6 

H2 02  

6334 23552 
1036 417 
450 79 
248 50 

255 297 
76 124 

37 

679 321 
146 153 
26 29 

1 05 90 

210 135 
65 49 

91 7 

35879 

13.0 x lo6 
H2 02 

6493 24164 
1053 423 

461 81 
249 50 

255 2 97 
76 124 

37 

679 321 
146 153 
26 29 

105 90 

21 0 135 
65 49 

91 7 

36688 
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HIGH PRESSURE AQS 

PROPELLANTANDCOMPONENTS 
TOTAL PROPELLANT 
PROPELLANTTANKAGE 
PRESSURANT AND TANKAGE 
INSULATION 

CONDITIONING ASSEMBLY 
HEAT EXCHANGERS 
TURBOPUMPS 
GAS GENERATOR 

FEED ASSEMBLY 
ACCUMULATORS 
LINES 
REGULATORS 
VALVES 

VENT ASSEMBLY 

VALVES 

THRUSTER ASSEMBLY 

TOTAL SUBSYSTE 

REPORT MDC E0300 
72 FEBRUARY 1971 

3700 

n2 0 2  

6486 23748 
1338 477 

454 80 
318 63 

189 251 
22 83 

34 

350 166 
126 131 
18 20 

137 132 

102 75 
41 30 

1244 

36115 

7400 

M2 02 

6486 23748 
1338 417 
454 80 
318 63 

255 2 97 
75 124 

37 

700 332 
162 169 
26 29 

111 96 

204 13 1 
65 49 

1244 

37070 

148 00 

H2 0 2  

6486 23748 
1338 477 
454 80 
31 8 63 

387 344 
234 242 

42 

1400 654 
208 217 
39 44 

104 76 

407 263 
105 78 

1244 

39062 

ORBITER C 
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PRESSURANT AND TANKAGE 
INSULATION 

CONDITIBNIMG ASSEMBLY 
HEAT EXCHANGERS 
TURBOPUMPS 
GAS GENERATOR 

FEED ASSEMBLY 
ACCUMULATORS 

VALVES 

VALVES 

THRUSTER ASSEMBLY 

REPORT MDC €0300 
12 FEBRUARY 1971 

TOTAL IMPULSE (LB - SEC) 

12 x 106 
H2 02 

6122 22343 
1299 463 
427 75 
316 62 

255 297 
75 124 

37 

700 332 . 
162 169 
26 29 

111 96 

204 131 
65 49 

1244 

35213 

12.8 x 106 
H2 02 

6486 23748 
1338 477 
454 80 
31 8 63 

255 297 
75 124 

37 

700 332 
162 169 
26 29 
111 96 

204 13 1 
65 49 

1244 

37070 

13 X lo6 
w2 02 

6599 24177 
1350 481 
462 81 
31 8 63 

255 297 
75 124 

37 

700 332 
162 169 
26 29 
111 96 

204 13 1 
65 49 

1244 

37637 
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DESlCN HANDBOOK 

PROPELLANT AND COMPONENTS 
TOTALPROPELLANT 
PROPELLANT TANKAGE 
PRESSURANT AND TANKAGE 
INSU LATl ON 

CONDITIONING ASSEMBLY 
HEAT EXCHANGERS 
TURBOPUMPS 
GAS GENERATOR 

FEED ASSEMBLY 
ACCUMULATORS 
LINES 
REGULATORS 
VALVES 

THRUSTER ASSEMBLY 
VENT ASSEMBLY 

TOTAL SUBSYSTEM 

REPORT MDC E0300 
72 FEBRUARY 1971 

i- 
"2 

762 
285 

55 
42 

347 
196 

39 

122 
170 
37 

1 7 7  

609 

02 

1531 
134 

7 
4 

288 
90 

174 
137 
26 

111 

11 7 

5961 

RUSTERMIXTURE RATIO 

478 
225 
34 
39 

255 
86 

431 
141 
28 
135 

0 2  

1741 
.I40 

8 
4 

291 
98 

37 

200 
147 
29 
122 

609 
11 1 

5310 

6 

"2 

378 
202 
26 
37 

228 
56 

338 
130 
24 
120 

1948 
146 

9 
4 

306 
105 

37 

224 
157 
32 

133 

609 
11 7 

5267 
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HIGH PRESSURE APS 
DESlGN HANDBOOK 

PROPELLANT AND COMPONENTS 
TOTAL PROPELLANT 
PROPELLANT TANKAGE 
PRESSURANT AND TANKAGE 
IN SU LATl OM 

CONDITIONING ASSEMBLY 
HEAT EXCHANGERS 
TURBOPUMPS 
GAS GENERATOR 

FEED ASSEMBLY 
ACCUMULATORS 
LINES 
REGULATORS 
VALVES 

THRUSTER ASSEMBLY 
VENT ASSEMBLY 

TOTAL SUBSYSTEM 

REPORT MDC E0300 
12 FEBRUARY 1971 

H2 

495 
229 
35 
39 

265 
92 

454 
143 
28 

138 

11 

1808 
142 
8 
4 

300 
100 

37 

207 
149 
30 

124 

564 
7 

5409 

PANSION RATIO 
40 

"2 

478 
225 
34 
39 

259 
86 

437 
141 
28 
135 

02 

1741 
140 
8 
4 

297 
98 

37 

200 
147 
29 
122 

609 
11 7 

5310 

"2 

472 
224 
33 
39 

258 
85 

432 
141 
27 

135 

1722 
139 
8 
4 

2% 
97 

37 

1 97 
147 
29 

121 

654 
11 7 

5313 

IVITIES BOOSTER 

FIGURE 2-57 
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DESlGN HANDBOOK 

REPORT MDC E0300 
12 FEBRUARY 1977 

PROPELLANT AND COMPONENTS 
TOTALPROPELLANT 
PROPELLANTTANKAGE 
PRESSURANT AND TANKAGE 
INSULATION 

CONDITIONING ASSEMBLY 
HEAT EXCHANGERS 
TURBOPUMPS 
GAS GENERATOR 

FEED ASSEMBLY 
ACCUMULATORS 
LINES 
REGULATORS 
VALVES 

THRUSTER ASSEMBLY 
VENT ASSEMBLY 

TOTAL SUBSYSTEM 

300 

"2 

469 
223 
33 
39 

260 
45 

398 
156 
35 
151 

11 

02 

1753 
140 

8 
4 

303 
81 

42 

199 
167 
37 
143 

162 
7 

5466 

CHAMBER PRESSURE (LBFAN2 A) 

H2 

478 
225 
34 
39 

259 
86 

437 
141 

28 
135 

1741 
140 

8 
4 

297 
98 

37 

200 
147 
29 
122 

609 
11 7 

5310 

"2 

488 
227 
35 
39 

260 
133 

484 
133 
24 
127 

1747 
140 

8 
4 

296 
116 

31 

207 
134 
26 
108 

53 1 
11 7 

5326 

vu R PS co 
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HIGH PRESSURE APS 
D ESlGN HANDBOOK 

PROPELLANT AND COMPONENTS 
TOTAL PROPELLANT 
PROPELLANTTANKAGE 
PRESSURANT AND TANKAGE 
INSULATION 

CONDITIONING ASSEMBLY 
HEAT EXCHANGERS 
TURBOPUMPS 
GAS GENERATOR 

FEED ASSEMBLY 
ACCUMULATORS 
LINES 
REGULATORS 
VALVES 

THRUSTER ASSEMBLY 
VENT ASSEMBLY 

TOTAL SUBSYSTEM 

REPORT MDC E0300 
72 FEBRUARY 7977 

H2 

478 
225 
16 
39 

259 
559 

437 
141 

28 
135 

02 

1741 
140 

8 
4 

297 
98 

37 

mo 
147 
29 
122 

609 
11 7 

5965 

DROGEN TANK PRESSURE (LBFAN~ 
nr 

"2 

478 
225 

34 
39 

259 
86 

437 
141 

28 
135 

02 

1741 
' 140 

8 
4 

297 
98 

37 

mo 
147 
29 
122 

609 
7 11 

5310 

"2 0 2  

478 1741 
225 140 

51 8 
39 4 

259 297 
26 98 

31 

437 200 
141 147 

28 29 
135 122 

609 
11 7 

5207 

TURBO 

2-60 
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W16H PRESSURE APS 
DESIGN HANDBOOK 

REPORT MDC E0300 
12 FEBRUARY 7977 

PROPELLANT AND COMPONENTS 
TOTALPROPELLANT 
PROPELLANTTANKAGE 
PRESSURANT AND TANKAGE 
INSULATION 

CONDITIONING ASSEMBLY 
HEAT EXCHANGERS 
TURBOPUMPS 
GAS GENERATOR 

FEE0 ASSUVIBLY 
ACCUMULATORS 
LINES 
REGULATORS 
VALVES 

THRUSTER ASSEMBLY 
VENT ASSEMBLY 

TOTAL SUBSYSTEW 

C 
m 

H2 

478 
225 
34 
39 

259 
86 

437 
141 
28 

135 

0 2  

1741 
140 

2 
4 

297 
771 

37 

200 
14 7 
29 
122 

609 
11 7 

5977 

GEN TANK PRESSURE (LBFAN~ A) 
35 

H2 

478 
225 
34 
39 

259 
86 

437 
141 
28 
135 

02 

1741 
140 

8 
4 

297 
98 

31 

200 
147 
29 
122 

609 
11 7 

5310 

H2 

478 1741 
225 140 
34 12 
39 4 

259 297 
86 74 

37 

437 200 
141 147 
28 29 
135 122 

609 
11 7 

5290 

TlVlTlES BOOSTER 
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HIGH PRESSURE APS 
DESIGN HANDBOOK 
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HYDROGEN MINIMUM THRUSTER INLET TKMPERATURE (OR) 
100 

02 

481 
226 
34 
39 

206 
aa 

3 18 

123 
28 
114 

11 

1125 
140 

8 
4 

297 
91 

36 

197 
147 

29 
122 

609 
1 

200 

"2 0 2  

478 1741 
225 140 

39 4 
34 a 

259 297 
86 98 

31 

431 200 
141 147 
28 29 
135 122 

5310 

300 

H2 02 

415 1777 
224 141 
33 8 
39 4 

321 299 
85 99 

39 

622 204 
158 147 
27 29 
148 122 

5628 

P APS COMPONENT WEIGHT SENSITIVITIES 
Booster 
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OXYGEN MTNIMUM TRRUSTER INLET TEMPERATURE (OR) 
300 

H2 

476 
225 
34 
39 

259 
86 

435 
141 
28 
135 

11 

02 

1737 
140 

8 
4 

296 
97 

37 

166 
139 
29 
114 

609 
7 

5252 

350 

H2 02 

478 1741 
225 140 
34 8 
39 4 

259 297 
86 98 

37 

437 200 
141 14 7 
28 29 
135 122 

5310 

400 

02 

479 1745 
225 140 
34 8 
39 4 

260 294 
87 98 

37 

433 230 
141 154 
28 29 
135 136 

11 609 7 
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TOTAL SUBSYSTEM 

20 

H2 02 

477 1741 
225 140 
34 8 
39 4 

259 297 
83 96 

37 

434 198 
164 171 
28 30 
161 149 

609 
11 7 

5402 

LINE PRESSURE DROP (LBFAN: - 
40 

H2 02 

478 1741 
225 140 
34 8 
39 4 

259 297 
86 98 

31 

437 200 
141 147 
28 29 
135 122 

609 

5310 

11 7 
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THRUST'THRUSTER (LBF) . 
18Sn 925 

H, 02 L 

482 
226 
34 
39 

259 
86 

437 
110 
19 
94 

1758 
140- 

8 
4 

297 
98 

31 

200 
115 
20 
86 

456 , 
11 

4555 

478 1741 
225 140 
34 8 
39 4 

259 297 
86 98 

37 

431 200 

141 147 
28 29 
135 122 

609 

5310 

11 1 

3700 

"2 0 2  
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224 140 
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39 4 

259 297 
86 98 

37 

431 200 
182 190 
42 44 
19 6 173 
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11 
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PROPELLANT AND COMPONENTS 
TOTAL PROPELLANT 
PROPELLANT TANKAGE 
PRESSURANT AND TANKAGE 
INSULATION 

CONDITIONING ASSEMBLY 
HEAT EXCHANGERS 
TURBOPUMPS 
GAS GENERATOR 

FEED ASSEMBLY 
ACCUMULATORS 
LINES 
REGULATORS 
VALVES 

THRUSTER ASSEMBLY 
VENT ASSEMBLY 

TOTAL SUBSYSTEM 

478 
225 
34 
39 

192 
26 

34 

: 218 
110 
19 
94 

609 

1741 
140 
8 
4 

251 
73 

loa 
115 
20 
86 

7 11 1 4634 ' 

... SUBSYSTEM THRUST (LBO 
7400 

478 1741 
225 140 
34 8 
39 4 

259 297 
86 98 

31 

437 200 
141 147 
28 29 
135 122 

11 609 7 

5310 

14800 

"2 

478 
224 
34 
39 

394 
266 

a74 
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42 
19 6 

11 

6614 

92 

1741 
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4 
4 
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43 
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44 
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iUBSYSTEM ELE 

PROPELLANT AND COMPONENTS 
TOTAL PROPELLANT 
PROPELLANTTANKAGE 
PRESSURANT AND TANKAGE 
INSULATION 

CONDITIONING ASSEMBLY 
HEAT EXCHANGERS 
TURBOPUMPS 
GAS GENERATOR 

FEED ASSEMBLY 
ACCUMULATORS 
LINES 
REGULATORS 
VALVES 

THRUSTER ASSEMBLY 

TOTAL SUBSYSTEM 

TOTAL IMPULSE (LB - SEC) 
~~ 

4.00 105 
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166 111 
16 4 
35 2 

259 297 
86 98 

37 

437 200 
1 4 1  147 

28 29 
135 1 2 2  

609 
11 7 

4059 

"2 02 
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34 8 
39 4 
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86 98 

37 

43 7 2 00 
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135 1 2 2  

609 
11 7 

5310 

12 105 

"2 02 

647 2392 
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47 11 
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37 

43 7 200 
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11 7 
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turbopump spin-up is  i n i t i a t e d .  

u n t i l  turbopump speed has  reached approximately h a l f  des ign  speed. The cond i t ione r  

assembly c o n t r o l  concept w a s  e s t a b l i s h e d  t o  s a t i s f y  t h r e e  independent des ign  

cr i ter ia :  

The oxygen va lve  i n  t h e  h e a t  exchanger is  delayed 

(1) r a p i d  start  t r a n s i e n t s ;  ( cond i t ione r  response t i m e  is  a primary f a c t o r  i n  

accumulator s i z i n g  as it i s  d i r e c t l y  r e l a t e d  t o  accumulator volume. Slow 

cond i t ione r  response c h a r a c t e r i s t i c s  r e s u l t  i n  excess ive  accumulator 

weight p e n a l t i e s ;  hence, high t u r b i n e  power f o r  s t a r t i n g  w a s  d e s i r a b l e ) .  

minimum ope ra t ing  power; ( t h e  amount of gas  gene ra to r  flow r e q u i r e d  f o r  

s t e a d y  s ta te  cond i t ione r  o p e r a t i o n  d i r e c t l y  relates t o  t h e  e f f e c t i v e  

s p e c i f i c  impulse of t h e  APS. Hence, i t  w a s  d e s i r a b l e  t o  o p e r a t e  w i t h  

minimum t u r b i n e  power under normal cond i t ions .  

( 2 )  

(3 )  cond i t ione r  flow v a r i a b i l i t y ;  (during s t eady  s ta te  +X t r a n s l a t i o n  maneu- 

v e r s ,  an  undefined and v a r i a b l e  amount of p r o p e l l a n t  w i l l  b e  r equ i r ed  f o r  

a t t i t u d e  c o n t r o l .  Condi t ioners  could be designed w i t h  excess  flow capa- 

b i l i t y  but  would cyc le  on-off du r ing  s t eady  s ta te  o p e r a t i o n  r e q u i r i n g  

a d d i t i o n a l  l i f e  c a p a b i l i t y .  Therefore  i t  w a s  d e s i r a b l e  t o  c o n t r o l  condi- 

t i o n e r  flow i n  such a way t h a t  accumulators would not  r echa rge  during +X 
maneuvers. 

The c o n t r o l  concept s e l e c t e d  t o  s a t i s f y  t h e s e  c r i t e r i a  provides  a high gas  

gene ra to r  flow f o r  turbopump s t a r t i n g  and a d j u s t s  f low, according t o  accumulator 

p r e s s u r e  during s t eady  s ta te  ope ra t ion .  Recharge i s  accomplished a t  minimum t u r b i n e  

power and thus  w i t h  minimum bypass flow. 

Primary cond i t ione r  c o n t r o l  is  provided by t h r o t t l i n g  of t h e  gas gene ra to r  

va lves .  These flow c o n t r o l  va lves  are e f f e c t i v e l y  two s e p a r a t e  va lves .  One i s  a 

f a s t - a c t i n g ,  pneumatical ly  c o n t r o l l e d  on-off v a l v e ,  w h i l e  t h e  o t h e r  i s  a s lower,  

s l e c t r i c a l l y  c o n t r o l l e d ,  v e r n i e r  t h r o t t l e  va lve .  The v e r n i e r  i s  l o c a t e d  downstream 

of t h e  primary valve and provides  up t o  20 pe rcen t  flow reduc t ion .  

s t a t e , accumula to r  p r e s s u r e  c o n t r o l s  t h e  p o s i t i o n  of t h e  t h r o t t l i n g  valves. 

ever, t h e  gas gene ra to r  mix tu re  r a t i o  a t  any flow is a l s o  c o n t r o l l e d  by sensing 

combustion temperature  and t h r o t t l i n g  t h e  oxygen flow t o  ma in ta in  proper mixture  

r a t i o  and thus  temperature.  

i l l u s t r a t e d  i n  F igu re  2-68, 

During s t eady  

How- 

Operat ion of t h e s e  valves f o r  cond i t ione r  c o n t r o l  i s  

Operation of t h e  cond i t ione r  during t h e  s tar t  t r a n s i e n t  i s  shown p i c t o r i a L l y  

i n  Figure 2-68a. When t h e  accumulator i s  f u l l y  charged, cond i t ions  are a t  p o i n t  A .  

There i s  no c o n d i t i o n e r  flow and t h e  primary gas gene ra to r  va lves  are c losed  wh i l e  
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l W W E R  CONTROL 

APS CONDITIONER FLOW 

FIGURE 2-68 

t h r o t t l e  v a l v e s  are f u l l  open. With t h r u s t e r  usage, accumulator p r e s s u r e  w i l l  

decay u n t i l  t h e  switching p r e s s u r e  i s  reached (po in t  B ) .  The primary gas gene ra to r  

valves w i l l  immediately open f u l l  (po in t  C ) .  During t h e  s t a r t  t r a n s i e n t  t h e  

accumulator p r e s s u r e  cont inues t o  decay and t h e  slower response t h r o t t l e  v a l v e s  

w i l l  seek t h e i r  commanded flow rate along p a t h  C-D. The accumulator immediately 

starts t o  recharge a f t e r  reaching p o i n t  D and w i l l  e i t h e r  r echa rge  t o  p o i n t  E o r  

o p e r a t e  s t eady  s ta te  w i t h  gas gene ra to r  va lve  modulation between p o i n t s  D-E depend- 

ing  on flow demands. 

The s t eady  s t a t e  o p e r a t i o n  and r echa rge  can b e  descr ibed by r e f e r e n c e  t o  

F igu re  2-68b. Steady s ta te  o p e r a t i o n  i s  wi th  t h e  gas gene ra to r  va lves  modulating 

flow and t h u s  t u r b i n e  horsepower between p o i n t s  1-2 dependent on t h r u s t e r  f low 

requirements .  During recharge wi th  no o r  low t h r u s t e r  f low requirements ,  t h e  

t u r b i n e  o p e r a t e s  a t  minimum power along p a t h  2-3, Af t e r  f u l l  charge i s  reached, 

t h e  gas  g e n e r a t o r  main v a l v e s  c l o s e  

t h e  gas  gene ra to r  t h r o t t l i n g  v a l v e s .  

and t h e  assembly i s  reset t o  p o i n t  A by opening 
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2.4 Mission Performance Analysis  a t  Nominal and Off Design Condit ions - 

Parametr ic  a n a l y s e s  de f ined  t h e  APS o p e r a t i o n a l  c h a r a c t e r i s t i c s  under s imulated 

mission o p e r a t i o n .  These ana lyses  included i n v e s t i g a t i o n  of t h e  impact of 

v a r i a n c e s  i n  p r o p e l l a n t  cond i t ion ing  temperatures ,  and p r e s s u r e  r e g u l a t o r  pe r fo r -  

mance. A n a l y t i c a l  r e s u l t s  are shown i n  F igu res  2-69 through 2-80. F igu res  2-69 

and 2-70 i l l u s t r a t e  subsystem o p e r a t i o n  during nominal missions,  i . e .  wi th  a l l  

components and assemblies  ope ra t ing  a t  t h e i r  design v a l u e s  and wi th  no commanded 

vent ing.  Lines and accumulators are vented,  however, t o  l i m i t  maximum pres su re .  

F igu re  2-69 shows t h e  v a r i a t i o n  i n  mix tu re  r a t i o  during a t y p i c a l  t h i r d  o r b i t  

rendezvous mission. A s  shown, during t h e  i n i t i a l  phase of t h e  mis s ion  (be fo re  

docking) mix tu re  r a t i o  v a r i a t i o n  due t o  blowdown/charging of  accumulators,  and 

l ine/accumulator  h e a t i n g ,  are minimal. 

b i t e r  i s  docked t o  t h e  space  s t a t i o n ,  p r o p e l l a n t  supply l i n e  and accumulator gas 

temperatures i n c r e a s e  apprec i ab ly ,  which r e s u l t s  i n  high mix tu re  r a t i o s  a t  separa- 

t i o n  from t h e  space  s t a t i o n .  F igu res  2-71 and 2-72 show t h e  mix tu re  r a t i o  which 

r e s u l t s  i f  l ines are completely vented p r i o r  t o  s e p a r a t i o n  from t h e  s t a t i o n .  

When vented,  t h e  system r a p i d l y  r e t u r n s  t o  des ign  cond i t ions  and con t inues  t o  oper- 

a t e  a t  des ign  cond i t ions  so  long as usage i s  of any s i g n i f i c a n c e ,  

During t h e  long pe r iod  i n  which t h e  or- 

Based on t h e s e  
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r e s u l t s ,  i t  is considered mandatory t o  v e n t  t h e  l i n e s  a f t e r  long pe r iods  of low 

usage, 

oxygen l i n e  temperatures.  

F igu res  2-71 and 2-72 shows t h a t  t h e r e  are no marked d i f f e r e n c e s  i n  A P S  v a r i a t i o n s  

during t h e  t h i r d  o r  seventeenth o r b i t  rendezvous missions,  F igu re  2-72a shows t h e  

corresponding impulse expendi ture  h i s t o r i e s  f o r  O r b i t e r  B. 

Also shown are va r i ances  i n  t h r u s t e r  chamber p r e s s u r e  and hydrogen and 

None of t h e  v a r i a t i o n s  i s  severe. Comparison of 

I n v e s t i g a t i o n  of APS o p e r a t i o n  i n  t h e  presence of off-design cond i t ions  shows 

r e s u l t s  similar t o  t h e  nominal case. Regulator  output  p r e s s u r e  v a r i a t i o n s  of 
+ -5  percent  and cond i t ion ing  temperature excursions of f 5  pe rcen t  do n o t  have l a r g e  

e f f e c t s  on subsystem o p e r a t i n g  c h a r a c t e r i s t i c s ,  and, when compared w i t h  t h e  nominal 

ca se ,  r e s u l t s  are ve ry  similar, as shown i n  F igu res  2-73 through 2-76 f o r  t h e  

t h i r d  o r b i t  rendezvous mission and F igures  2-77 through 2-80 f o r  t h e  seventeenth 

o r b i t  rendezvous mission. 
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The APS c o n s i s t s  of f o u r  primary assemblies:  

(1) p r o p e l l a n t  s t o r a g e  assembly 

(2) cond i t ion ing  assembly 

(3) 
(4) t h r u s t e r  assembly 

3.1 P r o p e l l a n t  Storage Assembly - The p r o p e l l a n t  s t o r a g e  assembly inc ludes  

gaseous p r o p e l l a n t  s t o r a g e  and d i s t r i b u t i o n  assemblies  

fou r  primary subassemblies:  

(1) tankage and i n s u l a t i o n  subassembly 

(2) a c t i v e  vapor ven t / coo l ing  subassembly 

(3) p r o p e l l a n t  a c q u i s i t i o n  subassembly 

(4) p r e s s u r i z a t i o n  subassembly 

- Tankage and I n s u l a t i o n  Subassembly - The p r o p e l l a n t  s t o r a g e  p r e s s u r e  vessels 

are f a b r i c a t e d  of 2219-T87 aluminum. The t ank  and i n s u l a t i o n  assembly i s  shown i n  

F igu re  3-1. The f i b e r g l a s s  o u t e r  s h e l l  must b e  p r e s s u r i z e d  during e n t r y  t o  prevent  

c o l l a p s e  p r e s s u r e  loads  and purged during grounds ho lds  when p r o p e l l a n t s  are loaded 

t o  prevent  condensat ion and r e s u l t a n t  i n s u l a t i o n  damage. Storage t ank  c o n f i g u r a t i o n  

des ign  d a t a  f o r  t h e  two o r b i t e r s  and t h e  boos te r  are p resen ted  i n  F igu re  3-2. 

Act ive Vapor Vent/Cooling Subassembly - Act ive  thermal p r o t e c t i o n  i s  provided 

t o  p r o p e l l a n t s  by a h e a t  s h i e l d  around t h e  p r o p e l l a n t  tanks.  This  s h i e l d  c o n s i s t s  

of a t h i n  metal f o i l  shroud wi th  a t t a c h e d  coo l ing  tubes.  Liquid hydrogen from t h e  

a c q u i s i t i o n  s c r e e n  channels  is  f i r s t  t h r o t t l e d  through a l a m i n a r  f low t h r o t t l i n g  

dev ice  t o  reduce temperature,  t hen  c i r c u l a t e d  through t h e  hydrogen t ank  coo l ing  

tubes where h e a t  t o  t h e  p r o p e l l a n t  i s  i n t e r c e p t e d  through l i q u i d  v a p o r i z a t i o n .  

T h i s  coo lan t  f l u i d  c o o l s  t h e  hydrogen turbopump enc losu re .  F i n a l l y ,  t h e  gaseous 

hydrogen i s  used f o r  oxygen t ank  and oxygen turbopump cool ing.  A f low schematic 

of t h e  ven t / coo l ing  subassembly i s  i l l u s t r a t e d  i n  F igu re  3-3 which shows t h e  pres-  

s u r e s ,  temperatures and flows. 

P r o p e l l a n t  Acqu i s i t i on  Subassembly - The p r o p e l l a n t  a c q u i s i t i o n  subassembly 

c o n s i s t s  of p a s s i v e  s u r f a c e  t e n s i o n  s c r e e n s  mounted i n  annu la r  t r a y s  which selec- 

t i v e l y  pass  l i q u i d  t o  t h e  f eed  subassembly, 

t i o n  subassembly i s  i l l u s t r a t e d  i n  F igu re  3-4, A d e t a i l e d  d e f i n i t i o n  of t h e  s c r e e n  

t r a y s  is  shown i n  F igu re  3-5. The t r a y s  are sepa ra t ed  from t h e  tank w a l l  t o  

prevent  v a p o r i z a t i o n  of t h e  p r o p e l l a n t  w i t h i n  t h e  p o s i t i o n i n g  device,  b u t  are 

s u f f i c i e n t l y  c l o s e  t o  t h e  t ank  w a l l s  t o  a l low c o n t a c t  w i t h  l i q u i d  f o r  any pro- 

p e l l a n t  o r i e n t a t i o n ,  

The des ign  of t h e  p r o p e l l a n t  a c q u i s i -  

3- 1 
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SULATION BLANKET 

PRESSURE VESSEL 

ACQUISITION RINGS (3) 

FIGURE 3-1 
N/C 

P r e s s u r i z a t i o n  Subassembly - The p r e s s u r i z a t i o n  medium f o r  both hydrogen and 
2 oxygen t anks  i s  r e g u l a t e d  p r e s s u r e  helium gas s t o r e d  a t  3000 l b f / i n  a i n  s p h e r i c a l  

aluminum tanks w i t h i n  t h e  p r o p e l l a n t  tanks.  Gas p r e s s u r e  i s  r e g u l a t e d  t o  25 

l b f / i n  a f o r  H2 and 30 l b f / i n  a f o r  02" 

a p r e s s u r e  r e l i e f  and reseal c a p a b i l i t y  t o  p rec lude  tank ove rp res su re  f a i l u r e .  

2 2 The p r e s s u r i z a t i o n  subassembly a l s o  i n c l u d e s  

3.2 Condit ioning Assembly - The cond i t ion ing  assembly f o r  both oxygen and 

hydrogen c o n s i s t s  of t h r e e  primary components; turbopump, gas  g e n e r a t o r ,  and r eburn  

h e a t  exchanger. 

Turbopumps - The turbopump c o n f i g u r a t i o n s  are shown i n  F igu res  3-6 and 3-7.  

The LO turbopump c o n s i s t s  of a s i n g l e  s t a g e  pump and a 2-stage, p r e s s u r e  com- 

pounded, a x i a l  f low t u r b i n e ,  Pump impe l l e r  and t u r b i n e  r o t o r s  are mounted on a 

common s h a f t ,  supported by LO c o o l e d / l u b r i c a t e d  element r o l l e r  bea r ings .  Bearing 

c o o l i n g / l u b r i c a t i n g  f low is  tapped from t h e  h igh  p r e s s u r e  pump d i scha rge ,  d i r e c t e d  

through t h e  b e a r i n g s ,  and r e in t roduced  t o  t h e  main stream flow a t  a low p r e s s u r e  

s t a t i o n  a t  the  hub of t h e  impe l l e r  backside.  The magnitude of t h e  bea r ing  c o o l a n t  

2 

2 
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f low (5 pe rcen t  a l l o c a t e d )  i s  c o n t r o l l e d  by h y d r o s t a t i c  seals. The t u r b i n e  end 

bea r ing  i s  l u b r i c a t e d  and cooled by gaseous hydrogen from t h e  accumulator.  The 

i n t e r p r o p e l l a n t  seal  which seals LO 

a t r i p l e  v e n t ,  

from t h e  hydrogen t u r b i n e  bea r ing  coo lan t  u s e s  2 

The f u e l  turbopump is  s imi l a r  t o  t h e  LO turbopump. Two pump s t a g e s  are used 2 
t o  develop t h e  r equ i r ed  p r e s s u r e  and t h r e e  p r e s s u r e  compounded a x i a l  f low s t a g e s  

are  used i n  t h e  t u r b i n e .  The pump impe l l e r s  and t u r b i n e  r o t o r s  are mounted on a 

common s h a f t ,  supported by LH coo led / lub r i ca t ed  r o l l e r  element bea r ings .  Hydro- 

s t a t i c ,  s h a f t  r i d i n g  seals are used t o  c o n t r o l  bea r ing  coo lan t .  Like t h e  LO pump, 

5 percent  of t h e  f low i s  used f o r  cool ing  and l u b r i c a t i o n  and i s  recyc led .  

f u e l  turbopump does no t  r e q u i r e  an  i n t e r p r o p e l l a n t  seal  t o  s e p a r a t e  p r o p e l l a n t  from 

t h e  h o t  t u r b i n e  gas ,  s i n c e  LH i s  nonreac t ive  wi th  t h e  f u e l  r i c h  t u r b i n e  gases .  

Liquid hydrogen flow from t h e  t u r b i n e  end bear ing  t o  t h e  tu rb ine  i s  min imized  by 

u s e  of a h y d r o s t a t i c  seal .  

2 

2 
The 

2 

F igu re  3-8 shows t h a t  t h e  pump ou tpu t  p re s su res  va ry  from approximately 1OOc)  
2 2 l b f l i n  a a t  s t eady  s t a t e  ope ra t ion  t o  approximately 2000 l b f l i n  a a t  t h e  end of 

accumulator recharge .  Th i s  i s  accomplished by pe rmi t t i ng  t h e  turbopump s h a f t  speed 

t o  increase,  and f low t o  dec rease ,  as t h e  accumulator i s  recharged.  During re- 

charge ,  gas  gene ra to r  f low and power t o  t h e  t u r b i n e  are cons t an t  except  f o r  s l i g h t  

t u r b i n e  power i n c r e a s e s  wi th  speed (due t o  a n  i n c r e a s e  i n  t u r b i n e  e f f i c i e n c y ) .  

Head, f low,  e f f i c i e n c y ,  power, and torque  c h a r a c t e r i s t i c s  of t h e  pumps a re  

shown i n  a normalized format i n  F igure  3-9. Since s t a g e  s p e c i f i c  speeds of t h e  

LO and LH pump are  n e a r l y  equal ,  t h e i r  normalized c h a r a c t e r i s t i c s  w i l l  be  t h e  same. 

Use of t h e s e  normalized c h a r a c t e r i s t i c s  r e s u l t e d  i n  t h e  headlf low c h a r a c t e r i s t i c s  

f o r  v a l u e s  of cons t an t  s h a f t  speed shown i n  F igures  3-10 and 3-11 f o r  t h e  o x i d i z e r  

and f u e l  turbopumps, r e s p e c t i v e l y ,  These f i g u r e s  show t h e  pump ope ra t ing  charac- 

t e r i s t ics  du r ing  accumulator charge from t h e  s t eady  s t a t e  ope ra t ing  p o i n t  t o  maxi- 

mum accumulator p re s su re .  The d o t t e d  l i n e s  shown correspond t o  pump power r equ i r e -  

ments matched t o  t u r b i n e  d e l i v e r e d  power. A des ign  e f f i c i e n c y  less  than  t h e  pre- 

d i c t e d  maximum a v a i l a b l e  a t  t h e  ope ra t ing  p o i n t  w a s  used i n  APS des ign  t o  provide  

a margin i n  t h e  des ign  and t o  l i m i t  t h e  f low range t o  t h e  h e a t  exchangers dur ing  r echa rge .  

2 2 

The turbopump f u e l  and o x i d i z e r  pump volumes are 10.58 and 6,05 i n  3 respec-  

t i v e l y  from t h e  p l ane  of t h e  s u c t i o n  f l a n g e  t o  t h e  p l ane  of t h e  d i s c h a r g e  f l a n g e ,  

The turbopump has been designed f o r  a l i f e  of 100 miss ions  wi th  50 s tar ts  

r equ i r ed  pe r  mis s ion ,  o r  5000 cyc le s .  

ments of t h e  t u r b i n e  r o t o r ,  c y c l e  f a t i g u e  l i f e  is  p r e d i c t e d  t o  b e  6000 c y c l e s ,  

Based on t h e  thermal  shock duty  r equ i r e -  

3-9 
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The t u r b i n e  b l a d i n g  f o r  b o t h  t h e  f u e l  and o x i d i z e r  turbopump t u r b i n e s  i s  t h e  

axial  flow impulse type. The b l a d e  des ign  i s  symmetrical ,  u t i l i z i n g  n e i t h e r  

t a p e r  o r  t w i s t  wi th  t h e  i n l e t  and o u t l e t  ang le s  equa l  t o  2 1  degrees.  

Both t h e  f u e l  and o x i d i z e r  pump d i s c h a r g e  v o l u t e s  are designed f o r  a proof 

p r e s s u r e  c a p a b i l i t y  of 150% of maximum working p r e s s u r e ,  and a b u r s t  p r e s s u r e  of 

200% of proof .  The hydrogen pump i s  designed t o  o p e r a t e  a t  53,330 RPM, and t h e  

oxygen pump a t  21,337 RPM. F i r s t  s h a f t  c r i t i ca l  speeds f o r  t h e  hydrogen and 

oxygen pumps are  32,151 RF'M and 33,550 RPM, r e s p e c t i v e l y ,  This  r e p r e s e n t s  opera- 

t i o n ,  w i th  p r e d i c t e d  bea r ing  freedom, a t  165% of c r i t i c a l  f o r  t h e  f u e l  pump and 

63.5% of c r i t i c a l  f o r  t h e  o x i d i z e r  pump. 

Both t h e  f u e l  and o x i d i z e r  pump s h a f t  suppor t  bea r ings  o p e r a t e  a t  bea r ing  DN 
6 v a l u e s  of 1 .5  x 10 . 

Gas Generators  - The gas  gene ra to r s  provide 2000°R ho t  gas  t o  t h e  t u r b i n e  a t  

a nominal p r e s s u r e  level  of 500 l b f / i n 2 a  when operated wi th  p r o p e l l a n t  i n l e t  

temperatures of 250"R (GH2) and 400"R (GO2)" 

nology programs, Figure 3-12 shows t h e  c o n f i g u r a t i o n  and s i z e  of t h e  hydrogen gas  

gene ra to r .  The oxygen gas  gene ra to r  i s  t h e  same c o n f i g u r a t i o n ,  but  h a s  a smaller 

i n j e c t o r  and chamber s i n c e  t h e  r equ i r ed  flow ra te  i s  lower. 

a t o r  s i z e  i s  a l s o  noted i n  F igu re  3-12. 

The gas  gene ra to r  des ign  concept w a s  adapted from A P S  gas/gas  t h r u s t e r  tech- 

The oxygen gas gener- 

The gas gene ra to r  o p e r a t i o n  i s  i n i t i a t e d  wi th  a s i g n a l  t o  open t h e  l i n k e d  gas 

gene ra to r  valves and a s i g n a l  t o  t h e  e l e c t r i c a l  i g n i t e r .  The opening of t h e  b i -  

p r o p e l l a n t  valve sends gaseous oxygen and hydrogen through t h e  p a r a l l e l  f low c i r -  

c u i t s  of t h e  i g n i t e r  and t h e  primary i n j e c t e r .  The gas  gene ra to r  v a l v e s  are shown 

i n  F igu re  3-12. E f f e c t i v e l y ,  two v a l v e s  are used; one i s  a primary, l i n k e d ,  pneu- 

m a t i c a l l y  ope ra t ed  valve f o r  on-off p r o p e l l a n t  c o n t r o l .  The o t h e r  is a v e r n i e r ,  

e l e c t r i c a l l y  ope ra t ed ,  t h r o t t l e  valve.  A l i n k e d  primary va lve  w a s  s e l e c t e d  t o  

provide added a s su rance  of proper p r o p e l l a n t  sequencing and t o  minimize p o t e n t i a l  

mixture r a t i o  v a r i a t i o n s .  There are flow r e s t r i c t i o n s  ( o r i f i c e s )  i n  each p r o p e l l a n t  

flow c i r c u i t  between t h e  l i n k e d  b i p r o p e l l a n t  v a l v e  seats and t h e  gas gene ra to r  

i n j e c t o r  t o  l i m i t  o p e r a t i o n  t o  an 80 pe rcen t  power l e v e l .  

f lows around each o r i f i c e ,  w i th  i n d i v i d u a l  t h r o t t l i n g  v a l v e s  i n  each c i r c u i t .  The 

t h r o t t l e  va lve  i s  an  e l e c t r i c  torque motor ac tua t ed  des ign ,  The t h r o t t l e  va lves  

a l low p r o p e l l a n t  t o  be bypassed around t h e  o r i f i c e s  f o r  gas  gene ra to r  power l e v e l  

c o n t r o l .  The oxygen t h r o t t l e  va lve  a l s o  provides  combustion temperature  and mixture  

r a t i o  c o n t r o l ,  based on gas  gene ra to r  exhaust temperature  measurements. 

A bypass flow c i r c u i t  

3-13 
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The APS des ign  has  a gaseous oxygen and gaseous hydrogen i n j e c t o r  o p e r a t i n g  a t  
0 a nominal mixture  r a t i o  of 1.0 t o  produce 2000 R g a s ,  An e lectr ical  spa rk  d i s -  

charges  and i g n i t e s  a small t o r c h  flame down t h e  center of t h e  i n j e c t o r ,  which, i n  

t u r n ,  i g n i t e s  t h e  main flow. 

from t h e  primary i n l e t  f l ow and secondary i g n i t e r  valves are no t  used. The i n j e c t o r  

proposed i s  an impinging c o a x i a l  element concept .  

and homogeneous h o t  gas  flow stream down t h e  GG b a r r e l  and a t  t h e  i n l e t  t o  t h e  

t u r b i n e  nozzles .  347 S t a i n l e s s  S t e e l ,  

The p r o p e l l a n t  supply l i n e s  and i n j e c t o r  manifolding is  designed t o  provide 

p r o p e l l a n t  flow v e l o c i t i e s  of less than  Mach 0 . 3  i n  t h e  c i r c u i t s  up t o  t h e  i n j e c t o r  

elements.  

The p r o p e l l a n t  t o  t h e  e l e c t r i c a l  i g n i t e r  i s  tapped 

The element provides  a uniform 

The i n j e c t o r  i s  f a b r i c a t e d  of brazed 

The flow v e l o c i t i e s  s e l e c t e d  r e s u l t  i n  p r o p e l l a n t  f eed  l i n e s  of 3 / 8  i n . i n t e r -  

n a l  f low diameter  through t h e  l i n k e d  p r o p e l l a n t  c o n t r o l  valves (on-off) f o r  bo th  

t h e  hydrogen and oxygen gas  gene ra to r s .  The p a r a l l e l  bypass l i n e s  around t h e  . 
flow r e s i s t a n c e  o r i f i c e  are 1 / 4  i n . f l o w  diameter  through t h e  t h r o t t l i n g  valves f o r  

t h e  hydrogen gas g e n e r a t o r  and 1/8 i n . f o r .  t h e  oxygen gas  gene ra to r .  These f low 

c i r c u i t s  are s i z e d  t o  provide 40% g r e a t e r  f low c a p a b i l i t y  than  t h e  flow through 

t h e  primary o r i f i c e d  flow path.  The f low o r i f i c e s  are s i z e d  f o r  t h e  primary flow 

of each gas  gene ra to r .  The manifold volumes f o r  each p r o p e l l a n t  c i r c u i t  from t h e  

l i n k e d  p r o p e l l a n t  c o n t r o l  v a l v e s  t o  t h e  i n j e c t o r  f a c e  are: 

Manifold Volume = 3" flow l e n g t h  @ 3/8" I . D .  + i n j e c t o r  volume + 

2.5" flow l e n g t h  @ 1 /4 "  I . D .  (Hydrogen GG) 

2.5" flow l e n g t h  @ 1/8" I , D .  (Oxygen GG) 4 t h r o t t l i n g  va lve  

I n j e c t o r  Manifold Volumes = 2" d i a  - 1" d i a  x 1/2" t h i c k  = 1.6  cu,  in ,  

T h r o t t l i n g  Valve Volumes - 0.2 c u e  i n .  

Each P r o p e l l a n t  C i r c u i t  f o r  Hydrogen Gas Generator h a s  2.27 cu. i n .  

Each P r o p e l l a n t  C i r c u i t  f o r  Oxygen Gas Generator has  2.18 cu. i n .  

The i n j  e c t o r  i s  coupled t o  a subson ic  chamber having s u f f i c i e n t  l e n g t h  t o  

ensu re  complete p r o p e l l a n t  r e a c t i o n  and uniform h o t  gas temperatures  a t  t h e  t u r b i n e  

i n l e t ,  The i n s u l a t e d  ( a d i a b a t i c  w a l l )  chamber is  f a b r i c a t e d  of A286 a l l o y .  

3-15 
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The chamber h a s  a c y l i n d r i c a l  b a r r e l  w i th  a low h o t  gas  v e l o c i t y  a n d , a  sub- 

s o n i c  converging s e c t i o n  a t  t h e  e x i t  t o  p rov ide  an  e x i t  Mach of 0.5. 

The stress of t h e  chamber is dependent upon t h e  w a l l  t h i ckness .  The w a l l  

t h i ckness  d i c t a t e s  t h e  r e s u l t a n t  hoop stress based upon t h e  P r r e l a t i o n s h i p  and 

t h e  r e s u l t a n t  thermal  stress based upon t h e  following: 
- 
t 

Tf 

( l . 5  + h ~ t 

E * a  e ( thermal  stress) = 
3.25 k * 1 

where; E = Young's modulus 

(B! 

Tf = Suddenly a p p l i e d  f i l m  Temperature, O R  

p = Poi s son ' s  R a t i o  

k = thermal  c o n d u c t i v i t y  

h = h e a t  t r a n s f e r  c o e f f i c i e n t  

t = material th i ckness  

= C o e f f i c i e n t  of Thermal Expansion 

Based on a 1000"R assumed temperature  a t  t h e  wors t  g r a d i e n t  and a subsonic  

h e a t  t r a n s f e r  c o e f f i c i e n t  of 7.55 x BTU/in -sec-"R t h e  r e s u l t a n t  thermal 

stress f o r  a 0.030 i n .  w a l l  i s  10,400 p s i  and f o r  0.050 i n .  w a l l  i n  16,900 p s i .  

These levels compare t o  a hoop stress level  of only 8,400 p s i  f o r  t h e  0.03 i n .  

w a l l  t h i ckness .  The A286 has  a y i e l d  s t r e n g t h  of 20,000 p s i  a t  1500"R. The 

c reep  stress r u p t u r e  of t h e  material is  17,000 p s i  s u s t a i n e d  f o r  60 hours a t  

1500"R. These levels i d e n t i f y  t h a t  t h e  0.05 i n .  w a l l  t h i ckness  h a s  s u f f i c i e n t  

des ign  margin, however 

by u t i l i z i n g  a 0.030 i n .  w a l l .  

2 

a d d i t i o n a l  thermal stress s a f e t y  f a c t o r  w i l l  b e  achieved 

Reburn Heat Exchanger - The h e a t  exchangers i n  t h e  p r o p e l l a n t  cond i t ion ing  

assembly c o n t a i n ,  i n  e f f e c t ,  second gas  gene ra to r s  which i n i t i a l l y  r eburn  t h e  

f u e l - r i c h  t u r b i n e  exhaust products ,  These h o t  gases  then  flow between t h e  h e a t  

exchanger p l a t e l e t s  t o  c o n d i t i o n  t h e  p r o p e l l a n t s .  Heat exchanger performance 

and weights  are shown i n  F igu re  3-13. 

Heat exchanger des ign  i s  i l l u s t r a t e d  i n  F igu re  3-13a. The c o r e  c o n s i s t s  of a 

series of l i q u i d  p r o p e l l a n t  p l a t e l e t  a s sembl i e s ,  each sepa ra t ed  by a h o t  gas  flow 

passage. P l a t e l e t  c o n s t r u c t i o n  techniques provide c o n t r o l l e d  h e a t  t r n n s f e r  coef- 

f i c i e n t s  f o r  h o t  gas  and c o l d  p r o p e l l a n t  s i d e s .  

p r o p e l l a n t  p l a t e l e t  assembly shows t h a t  t h e  l i q u i d  p r o p e l l a n t  e n t e r s  t h e  c e n t e r  

The exploded view of t h e  l i q u i d  
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HOT SIDE 
L E T  PRESSURE (HEATING SECTION) 

OUTLET PRESSURE (HEATING SECTION) 
- PSlA - PSlA 
- OR 
- OR 
- FT/SEC - FT/SEC 

INLET TEMPERATURE (HEATING SECTION) 
OUTLET TEMPERATURE (HEATING SECTION) 
INLET VELOCITY (HEATING SECTION) 
EXIT VELOCITY (HEATING SECTION) 

COLD SIDE 
INLET PRESSURE (HEATING SECTION) - PSlA 
OUTLET PRESSURE (HEATING SECTION) - PSlA 
INLET TEMPERATURE (HEATING SECTION) - OR 
OUTLET TEMPERATURE (HEATING SECTION) - OR 
INLET VELOCITY (HEATING SECTION) - F T A E C  
OUTLET VELOCITY (HEATING SECTION) - FT/SEC 

(DESIGN HOT GAS FLOi'I RATE) 

(DESIGN COLD SIDE FLOYI RATE) 
- LB/SEC 
- LB/SEC 

',DES 
HEAT FLUX (TOTAL) - BTU/SEC 
HOT GAS P4IXTURE RATIO - lN.2 
W w  (HOT/COLD LIETAL \';EIGHT) - L B  
Wpw (INTERPROPELLANT LiETAL \:'EIGHT) - L B  
W ~ l s c  (METAL STRUCTURE, L1ANIFOLD, ETCI - L B  
TOTAL HEAT EXCHANGER \','EIGHT - L B  
MAT E RIAL 

- io!%" 
Ah AND A i  (HEATING SURFACE) 

- 

HYDROGEN 

30.0 
25.7 

3757.2 
820.6 

3012.9 
1107.4 

1045.0 
1034.8 

60.0 
250.4 
97.0 
61.1 
0.746 
3.84 

2798.2 
2.55 

2271.36 
30.4 
28,3 
26.5 
85.2 

INCONEL 718 

OXYGEN 

88.0 
79.9 

41 52.0 
800.7 

1146.2 
657.1 

925.0 
874.3 
170.0 
461.3 
43.3 
68.1 

0.479 
14.8 

2139.0 
2.7 

1551 .O 
35.7 
48.4 
117.4 

101.5 
NICKEL 200 

D WEIGHT 
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of t h e  p l a t e l e t ,  is d i s t r i b u t e d  a c r o s s  i t s  width,  d i r e c t e d  up i ts  l e n g t h  where 

t h e  flow i s  s p l i t  and d i r e c t e d  back down t h e  p l a t e l e t  s t ack .  

t h e  ho t  gas  occurs on t h e  downpass because t h e  c l o s u r e  p l a t e  f o r  the downpass 

channels is  a l s o  t h e  w a l l  of a gas  gene ra to r  segment, 

pass ,  t h e  condi t ioned p r o p e l l a n t  d i scha rg ing  from each of t h e  p l a t e l e t s  i s  gather-  

ed i n  a manifold assembly and d i r e c t e d  t o  t h e  accumulator, 

Heat exchange wi th  

A t  t h e  bottom of t h e  down- 

The h e a t  exchanger s h e l l  is  r e g e n a t i v e l y  cooled and i s  a c u t a l l y  one h a l f  of 

a main h e a t  exchanger p l a t e l e t .  

of t h e  s h e l l  and down t h e  i n s i d e  passage where i t  is conditioned. 

w i th  t h e  condi t ioned p r o p e l l a n t  from t h e  main p l a t e l e t s .  

The l i q u i d  p r o p e l l a n t  f lows up t h e  o u t s i d e  passage 

It is  c o l l e c t e d  

The b a s e l i n e  i n t e r n a l  c o n f i g u r a t i o n  of t h e  h e a t  exchanger p l a t e l e t s  is  de- 

f i n e d  i n  F igu re  3-13b. Using t h i s  c o n f i g u r a t i o n  h e a t  exchanger s t eady  s ta te  per- 

formance ope ra t ing  maps were def ined.  Hydrogen h e a t  exchanger ope ra t ing  maps are 

shown i n  F i g u r e  3-13c f o r  a h o t  gas  i n l e t  ( t u r b i n e  d i scha rge )  p r e s s u r e  of 30 LBF/ 

i n  A and f o r  a hydrogen i n l e t  p r e s s u r e  of 1045 LBF/in A. 

are de f ined  by l i m i t i n g  t h e  w a l l  temperature  t o  above 500"R, and l i m i t i n g  t h e  

v e l o c i t y  a t  t h e  exi t  t o  less than son ic .  A 500'R minimum w a l l  temperature is  

requ i r ed  t o  preclude f r e e z i n g  of water on t h e  h e a t  exchanger su r faces .  

s ta te  h e a t  exchanger ope ra t ing  p o i n t  f o r  only +X t h r u s t e r  usage i s  shown i n  

F igu re  3-13c(a). A t  t h i s  p o i n t  t h e  condi t ioned hydrogen temperature is 250°R, t h e  

cond i t ion ing  assembly is ope ra t ing  a t  a n  o v e r a l l  mix tu re  r a t i o  of 2.55 and t h e  ex- 

haus t  gas is  above t h e  condensation l i m i t .  
t o  a l low a t t i t u d e  c o n t r o l  usage during +X t h r u s t e r  f i r i n g  r e s u l t s  i n  t h e  o p e r a t i n g  

map shown i n  Figure 3-13c(b), 

2 2 The ope ra t ing  l i m i t s  

The s t eady  

Inc reas ing  t h e  t h r u s t e r  usage by 25% 

During a n  accumulator charge cyc le ,  h e a t  exchanger cold s i d e  p re s su res  w i l l  

i n c r e a s e ,  and flow rate w i l l  decrease.  

t h a t  h e a t  exchanger oxygen flow rates b e  reduced t o  p rov ide  a corresponding reduc- 

t i o n  i n  t h e  t o t a l  enthalpy a v a i l a b l e  i n  t h e  ho t  gas .  

t h r o t t l i n g  t h e  h e a t  exchanger oxygen flow t o  ma in ta in  t h e  d e s i r e d  h o t  gas  o u t l e t  

temperature.  The t h r o t t l e  w i l l  b e  cont inuously c o n t r o l l e d  on the b a s i s  of accumu- 

l a t o r  p re s su re .  

reach t h e  2000 p s i a  shown i n  t h e  performance maps de f ined  i n  F igu re  3-13d. The 

corresponding ope ra t ing  p o i n t  i s  shown i n  F igu re  3-13d(a), 

This  change i n  flow and p r e s s u r e  r e q u i r e s  

This i s  accomplished by 

Near t h e  end of t h e  r echa rge  c y c l e  t h e  hydrogen p r e s s u r e  w i l l  

The ope ra t ing  performance maps f o r  t h e  oxygen h e a t  exchangers are shown i n  

F igu res  3-13e and 3-13f, 

The gas  gene ra to r  p o r t i o n  of t h e  r eburn  h e a t  exchanger is i l l u s t r a t e d  by t h e  
i g n i t e r  shown i n  F igu re  3-13a. The t u r b i n e  exhaust  gas  is  mixed wi th  oxygen a long  
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H S 
D 72 FEBRUARY 1971 

HEATING PLATE CROSS SECTION I 

PROPELLANT - HOT GAS GAP ' 6'H 

NC = NO. OF 
COLD FLOW 
CHANNELS 

NH= NO. OF 
HOT FLOW 
GAPS 

SURFACES 

3-20 

SHAPED AREAS INDICATE PLATE 

HEAT EXCHANGER NORWAL TO 
HOT GAS & PROPELLANT FLOW 
DIR ECTl ON 

ELEMENTS IN CROSS SECTION OF 

- 

STATION 

LENGTH OF 
=LATES 

-ER SURFACE 
INLY I 

HEAT TRANS- 

HY DROGEN 

0 

3757.2 
60.0 

0.030 
0.01 5 
0.020 
0.220 

0.350 

0.115 

0.115 
0.030 
7.28 
800 

8 
16 

6.8998 
1.380 

3012.9 

97.0 

0,030 - 
0.350 
0.115 
8 
16 
3370 
7.28 
7.34 

19.5 IN 

19.5 

820.6 
250.4 

0.050 
0.125 
0.020 
0.015 

0.405 

0.070 

0.125 
0.020 

800 
8 

1 6  
4.3460 
12.5 

1107.4 

61.1 

0.025 

1.28 

- 
0.405 
0.070 

16 
3.395 
7.28 
7.34 

a 

OXYGE 

0 

41 52.0 
170.0 

0.050 
0.022 
0.050 
0,176 

0.420 

0.130 

0.075 
0.075 
6.6 
420 

5 
10 

4.4764 
0.693 

1146.2 

43.3 

0.1875 

0.420 
0.130 
5 
10 
2.33 

6.60 

23.5 

800.7 
461.3 

0.050. 
0.130 
0.050 
0.060 

0.520 

0.030 

0,100 
0.050 
6.6 
420 
5 

10 

5.46 

657.7 

1.36688 

68.1 

0.175 

0.530 
0.030 
5 
10 
2.23 

6.68 

23.5 IN. 

FIGURE 3-13b 
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t h e  width of each gas  gene ra to r  panel .  The i g n i t i o n  source  f o r  t h e  t u r b i n e  ex- 

h a u s t  gases  and t h e  GO2 is a c a t a l y t i c  i g n i t e r  i n  t h e  GO2 manifold,  as shown i n  

F igu re  3-13a. 

of high mixture  r a t i o  ho t  gas  f o r  i g n i t i o n ,  

major concern i s  providing a n  i g n i t i o n  technique which allows uniform and consis-  

t e n t  i g n i t i o n  between each of t h e  c l o s e l y  spaced p l a t e  assemblies.  The c a t a l y t i c  

i g n i t e r  i s  turned o f f  a f t e r  achieving uniform combustion downstream of each of t h e  

GO i n j e c t e r s .  

GO 

I g n i t i o n  i n  t h e  GO d i s t r i b u t i o n  manifold provides  a s h o r t  d u r a t i o n  2 
This  approach w a s  used because a 

This c a t a l y t i c  i g n i t e r  concept r e q u i r e s  t h e  d i s t r i b u t i o n ,  by t h e  2 

2 i n j e c t e r  manifold,  of approximately 2500 - 3000"R h o t  gas  f o r  s h o r t  du ra t ions .  

A stress a n a l y s i s  w a s  conducted us ing  s t e a d y  s ta te  w a l l  temperatures  and a 

maximum p r e s s u r e  of 2475 LBF/in A ,  al lowing f o r  an ove r  shoo t  of t h e  d e s i g n  maximum 

pres su re .  

2 

The fo l lowing  r e s u l t s  were ob ta ined .  

- -  

MARGIN OF SAFETY 
-~ __  ~ _ _ _  

OXYGEN 1 HYDROGENT OXYGEN -~~~M>RoGEN 

FACE THERMAL 

3 , 3  Gaseous P r o p e l l a n t  Storage D i s t r i b u t i o n  Assembly - The gaseous p r o p e l l a n t s  

are s t o r e d  i n  2219-T87 aluminum accumulators,  which are i n s u l a t e d  w i t h  aluminized 

mylar high performance i n s u l a t i o n ,  

mum of 50 t i m e s  dur ing each f l i g h t .  The r equ i r ed  o r b i t e r  B accumulator volumes are 

29.0 f t  The p r o p e l l a n t  d i s t r i b u t i o n  

subassembly i n c l u d e s  l i n e s ,  v a l v e s ,  r e g u l a t o r s ,  and manifolds ,  Line r o u t i n g s  have 

been shown p rev ious ly  i n  F igu res  2-13, 2-14, and 2-15. Line s i z e s  and l e n g t h s  are 

shown i n  F igu res  3-14 through 3-16. Lines  are aluminum and are i n s u l a t e d  w i t h  

aluminized mylar i n s u l a t i o n ,  

p r o p e l l a n t  t o  p a r t i c u l a r  groups of t h r u s t e r s  and t o  p rov ide  i s o l a t i o n  c a p a b i l i t y  

f o r  banks of t h r u s t e r s  i n  t h e  event  two va lves  f a i l  open i n  series, 

These accumulators are p r e s s u r e  cycled a maxi- 

3 f o r  t h e  hydrogen and 11.6 f t 3  f o r  t h e  oxygen, 

Manifolds provide a convenient method of d i s t r i b u t i n g  

The r e g u l a t o r s  which c o n t r o l  t h e  p r e s s u r e  t o  t h e  t h r u s t e r s  and t o  t h e  gas  
3-25 
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generators are defined in outline by Figure 3-17. A small, dome loading, reference 

regulator is used to provide reference pressure to the main regulator. This con- 
figuration, proposed by Marotta Scientific Control, Inc., can provide the required 

regulation accuracy with adequate flow capability. 
3.4 Thruster Assembly - The A P S  uses gaseous hydrogen-oxygen thrusters to 

provide the impulse necessary f o r  space shuttle vehicle attitude control and 
orbital maneuvers. APS weight is very sensitive to the performance of these 

thrusters, due to the magnitude of AE'S total impulse requirements. 
shows the thruster design selected. Associated thruster performance is presented 

in Figures 3-19 and 3-20. The thruster design presented in Figure 3-18, consists 

of four primary components: propellant injector, combustion chamber, igniter, and 
propellant controls a 

Figure 3-18 

The injector concept selected for the high pressure A P S  thruster is an imping- 
ing coaxial design. This is a variation of the more conventional coaxial element, 

- 3.0- 

4.75 
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DESIGN POINT 

THRUST, LBS 
MIXTURE RATIO 
CHAMBER PRESSURE, LBF/IM*A 
AREA RATIO 

PROPELLANT TEMP, % 

HY DROGEN 
OXYGE 

CHAMBER COOLING, % ( E  < 11:l) 
NOZZLE COOLING, % (E> 1 1 3  

1850 1850 

500 500 
60 150 

4.0 4.0 

245 245 
380 380 
7.6 7.6 
5.4 5.4 

PERFORMANCE 

THEORETICAL Isp VACUUM, SEC 472.5 481.7 
COOLING LOSS, SEC 7 .¶ 7.9 
IMPURITY LOSS, SEC 1 .o 1 .o 
CURVATURE-DIVERGENCE LOSS, SEC 3 .¶ 2.9 
KINETICS LOSS, SECS 2.7 3 .O 
ENERGY RELEASE LOSS, SEC 4.6 4.6 
BOUNDARY LAYER LOSS, SEC 5.9 7.5 

DELIVERED VACUUffl SPECIFIC IMPULSE, SEC 446.5 454.8 

FIGURE 3-20 
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wherein f u e l  is  i n j e c t e d  normal t o  t h e  a x i a l l y  d i r e c t e d  o x i d i z e r  stream. The i m -  

pinging c o a x i a l  des ign  uses  a c o n c e n t r i c  r i n g  manifold a t t ached  t o  a f r e e  p l a t e  

assembly con ta in ing  i n t e r n a l  f u e l  passages.  

t h e  f a c e  p l a t e  p a r a l l e l  t o  t h e  chamber a x i s ,  The f u e l  channels f eed  i n t o  a laby- 

r i n t h  of passages i n  t h e  f a c e  p l a t e  which provide r e g e n e r a t i v e  and t r a n s p i r a t i o n  

coo l ing  of t h e  f a c e  as w e l l  as f u e l  e n t r y  i n t o  each element. 

The o x i d i z e r  channels d i scha rge  through 

The combustion chamber is composed of a r e g e n e r a t i v e l y  cooled s e c t i o n ,  extend- 

i n g  from t h e  i n j e c t o r  t o  a nozzle  area r a t i o  of 11:1, and a s e p a r a t e  f i l m  cooled 

expansion nozzle.  

geometry and i s  f a b r i c a t e d  of a high c o n d u c t i v i t y  copper a l l o y .  The design i s  a 

s i n g l e  pas s  concept w i th  hydrogen e n t e r i n g  t h e  chamber a t  an  area r a t i o  of 11:l 

and flowing forward toward t h e  i n j e c t o r  and d i scha rg ing  i n t o  an  i n j e c t o r  manifold.  

The manifold a l s o  s u p p l i e s  hydrogen t o  a f u e l  f i l m  coo lan t  r i n g  which d i s t r i b u t e s  

a small percentage of f u e l  down along t h e  chamber w a l l .  The nozzle  ex tens ion  i s  

a t t a c h e d  t o  t h e  r e g e n e r a t i v e l y  cooled chamber a t  a n  area r a t i o  of 11:l and extends 

t o  t h e  e x i t  diameters  of 12.9 i n .  and 18 .2  i n .  f o r  area r a t i o s  of 60 and 120, 

r e s p e c t i v e l y .  Cooling of t h e  nozzle  i s  achieved by in t roduc ing  4 t o  5 p e r c e n t  f u e l  

f low, depending on t h e  area r a t i o ,  a t  t h e  p o i n t  of attachment t o  t h e  r e g e n e r a t i v e l y  

cooled chamber. 

The r e g e n e r a t i v e l y  cooled chamber employs a r e c t a n g u l a r  channel 

The i g n i t e r  f o r  t h e  high p r e s s u r e  A P S  t h r u s t e r  u t i l i z e s  t h e  spark d i scha rge  

E l e c t r i c a l  i g n i t i o n  i s  a t t a i n e d  by a spark d i scha rge  a c r o s s  t h e  oxi- technique. 

d i z e r  flow stream. The immediate downstream a d d i t i o n  and mixing of a small quan- 

t i t y  of f u e l  t o  t h e  spark-excited oxygen causes  i g n i t i o n  w i t h i n  t h e  i g n i t e r  cham- 

be r .  F i g u r e  3-21 d e p i c t s  t h i s  b a s i c  design.  

The sequenced e l e c t r i c a l  i g n i t e r  p rov ides  p o s i t i v e ,  f a s t  i g n i t i o n  of primary 

i n j e c t o r  p r o p e l l a n t .  The i n i t i a l  valve s i g n a l  opens t h e  thrust-chamber-valve p i l o t  

valve, t h e  i g n i t e r  valves, and i n i t i a t e s  t h e  spa rk  c u r r e n t  f o r  t h e  e l e c t r i c a l  

sequencer.  The i g n i t e r  t o r c h  i s  e s t a b l i s h e d  i n  0.025 sec. The primary t h r u s t  

chamber valves begin t o  open i n  0.035 s e c  and are f u l l y  open 0.010 sec  l a t e r .  The 

t h r u s t  trace p a r a l l e l s  v a l v e  opening ra te  and f u l l  t h r u s t  i s  achieved 0.045 s e c  

a f t e r  i n i t i a l  va lve  s i g n a l .  The c y c l e  i s  reve r sed  f o r  shutdown, 

<he p r o p e l l a n t  c o n t r o l  valve f o r  t h e  APS t h r u s t e r  i s  a l i n k e d  p a r a l l e l  poppet 

t ype  wi th  pneumatic a c t u a t i o n .  

from t h e  f eed  l i n e s .  

been t e s t e d  under NASA-Lewis c o n t r a c t  Number NAS 3-14354 and has  demonstrated 

r e p e a t a b l e  t r a v e l  t i m e s  of 0.010 sec. 

The pneumatic a c t u a t i o n  is  provided by hydrogen gas  

The valve i s  shown i n  F igu re  3-22. This c o n f i g u r a t i o n  has  

This  t ype  of valve p rov ides  t h e  response 
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COOLANT JACKET 

OoR 

GLA SPARK PLUG IGNITER CHAMBER 

LT= 3500°F 
IGNITER BODY -/ 

F I G U R E  3-21 

c a p a b i l i t y  requi red  f o r  pu l se  mode opera t ion .  

with a minimum of s e a l i n g  su r face  wiping o r  su r face  shea r ,  a d e s i r a b l e  f e a t u r e  from 

a c y c l e - l i f e  s tandpoin t .  

The poppet type va lve  a l s o  s e a l s  

The poppet s e a t  material i s  KEL-F, which e x h i b i t s  e x c e l l e n t  compa t ib i l i t y  wi th  

t h e  p r o p e l l a n t s .  Reasonable s e a l  stress levels  are achieved by c o n t r o l  of seat 

su r face  area, and by balancing a c t u a t o r  sp r ing  f o r c e .  The s i n g l e  pneumatic actu-  

a t o r  i s  coupled t o  both  t h e  poppet s h a f t s  wi th  a common l i n k .  The f a s t  response 

p i l o t  va lve  sequences r egu la t ed  hydrogen l i n e  p re s su re  i n t o  t h e  pneumatic a c t u a t o r  

t o  open the  va lve ,  The a c t u a t o r  c a v i t y  i s  vented when t h e  p i l o t  va lve  i s  sequenced 

c losed  and t h e  a c t u a t o r  sp r ing  c l o s e s  t h e  va lve ,  Venting is  accomplished in t e rn -  

a l l y  through t h e  t h r u s t e r  assembly. 

3 - 3 3  
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Data p resen ted  i n  t h e  preceding paragraphs provide a complete d e s c r i p t i o n  of 

t h e  high p r e s s u r e  APS c o n f i g u r a t i o n s  de f ined  f o r  space  s h u t t l e  h igh  and low c r o s s  

range o r b i t e r s  and t h e  boos te r .  These d e f i n i t i o n s  are t h e  r e s u l t  of e f f o r t  con- 

ducted under Contract  No. NAS 8-26248. 

requirements de f ined  i n  Reference (e), weight s e n s i t i v l t y  d a t a  included i n  t h e  

s tudy a l lows  APS weight d e f i n i t i o n  f o r  a range of des ign  and mission v a r i a b l e s .  

Although APS c o n f i g u r a t i o n s  w e r e  based on 

4- 1 
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